We report a laser noise reduction method by locking it to an actively stablized fiber-based MachZehnder interferometer with 10 km optical fiber to achieve large arm imbalance. An acoustooptic modulator is used for interferometer stablization and heterodyne detection. The out-of-loop frequency noise is reduced by more than 90 dB for Fourier frequency at 1 Hz. This structure presents an efficient laser noise reduction method both at high Fourier frequency and low Fourier frequency. The signal of stabilized laser is transferred via a 10 km fiber link with a fractional frequency stability of 1.12 × 10 −16 at 1 s. Compared with the fractional frequency stability of that when the interferometer is not stabilized, more than one order of magnitude is improved.
Low phase noise continuous wave lasers are key requirments for applications such as high resolution spectroscopy [1] , optical atomic clocks [2] , low noise interferometric sensors [3] , optical frequency transfer via fiber link [4] [5] [6] [7] [8] [9] [10] [11] and many others. Erbium-doped fiber distributed-feedback lasers (DFB EDFL) typically exhibit optical linewidths in the range from 1 kHz to 10 kHz while their performances are still insufficient for many of these applications.
The phase noise and the linewidth of the continuous wave lasers are usually reduced by the Pound-Drever-Hall (PDH) method [12] [13] [14] [15] . In this method, sub 40 mHz linewidth has been achieved for continuous wave laser [15] and the fractional frequency stability of the stabilized laser has been reduced to 1×10
−15 at 1 s [13] . However, this scheme requires fine alignment of free-space optical components, tight polarization adjustment, and spatial mode matching.
Moreover, to avoid air-index fluctuations and improve the thermal control and stability, the cavity has to be housed in a high vacuum enclosure with thermal radiation shielding.
Therefore, the system is usually bulky, fragile and expensive and it is difficult to adopt this laser stabilization method outside of the laboratory, such as portable interferometric sensors.
An alternative approach to reduce phase noise of the laser is first measuring the phase noise of the laser via a fixed relative time delay line [16, 17] and then compensating it by a phase locked loop. The fixed relative time delay can be obtained by a two-arm interferometer such as Mach-Zehnder interferometer (MZI). It converts the laser frequency excursion of the optical frequency (ν opt ) to phase error (φ err (f )) in radio frequency domain with a transfer function
where τ is the fiber delay time and f is the Fourier frequency.
In order to obtain a sufficient frequency discriminator sensitivity, a relatively large arm imbalance is required. Optical fiber is an excellent material to achieve such a large path imbalance. It can lead to a more robust, more compact and cheaper device than the ultrastable cavity. However, the time delay induced by the optical fiber would fluctuate as the optical length of fiber is sensitive to environment-induced acoustical, mechanical and thermal perturbations. These perturbations can significantly degrade the phase noise reduction of the continuous wave laser, expecially at low Fourier frequency. Usually, air-sealed or vacuum chambers with foam are used to passively isolate the interferometer from the influence of the temperature and vibration [18] [19] [20] [21] [22] [23] .
In this letter, an acousto-optic modulator (AOM) is used to actively compensate the environment induced phase noise in the fiber based MZI which is used to extract the intrinsic frequency excursion of the laser. The scheme is not only portable but also robust to the environment. In our experiment, the arm imbalance of the MZI is 10 km. Its bandwidth is 20 kHz and its quality factor theoretically equals that of a 10 cm Fabry-Perot cavity of which finesse is 330000. When the MZI is actively stabilized, the out-of-loop frequency noise of the stabilized laser is reduced by more than 45 dB at low Fourier frequency compared with that when the MZI has not been stabilized yet. It means that the frequency noise performance of the laser can be efficiently reduced by this laser stabilization scheme. In this MZI, AOM1 is used to stabilize the laser while AOM2 is used to stabilize the interferometer.
The signal detected by the photodetector after Coupler-2 is used to stabilize the interferometer and reduce laser noise. Another MZI is used for out-of-loop phase noise measurement of the laser.
In this MZI, AOM3 is used to generate a heterodyne between the two interferometer arms. The driving signals of the AOMs are generated by low phase noise voltage-control oscillators and then amplified to the power of 30 dBm. The signal detected by the photodiode after coupler-4 is used to monitor the out-of-loop phase noise of the laser. 4 the environment-induced phase noise in the MZI. ∆θ rf can be adjusted to zero by changing the phase of the local oscillator signal of the mixer. Then only φ laser and φ interf erometer are left. φ interf erometer should be reduced by adjusting AOM2 to compensate the environmental influence on the interferometer. Otherwise, it will severely interfere with the frequency noise reduction of the laser. In order to minimize the interference between φ laser and φ interf erometer , The laser phase noise reduction and the interferometer stabilization process will be controlled by different proportional-integral controllers (P-I controller). Before the error signal is sent into the P-I controller, it is amplified and filtered in advance. The bandwidth of the low pass filter for the interferometer stabilization loop is below 100 Hz because the environmental influence is predominant in the low Fourier frequencies [19] . The bandwidth of the low pass filter for laser phase noise reduction is 20 kHz due to the bandwidth of the MZI. However, it is inadequate to achieve a minimum frequency noise for the laser. More importantly, the proportional and integral parameters of the P-I controllers for laser noise reduction and interferometer stabilization should be adjusted together based on the out-of-loop phase noise of the laser.
The out-of-loop phase noise of the laser is moniterd by another MZI [17] . An AOM (AOM3) is used to shift the frequency of the laser signal in an arm of the MZI which is with 10 km fiber spool. In the meantime, it is also used to pre-stabilize the MZI. During the out-of-loop noise measurement, the parameters of this stabilization loop keep unchanged.
The optical power photodetected at the output port of Coulper-4 contains a radio frequency which is centered at f AOM 3 . The signal is phase-modulated by out-of-loop phase noise of the laser. By adjusting the proportional parameters and integral parameters of the laser stabilization loop and its interferometer stabilization loop, the lowest out-of-loop frequency noise is below -25 dBc/Hz for Fourier frequency at 1 Hz. Fig.2 illustrates the out-of-loop frequency noises of the laser under different states. The frequency noise is reduced by more than 90 dB for Fourier frequency around 1 Hz compared with that of the free running laser.
Furthermore, the phase noise of the laser is reduced by about 45 dB for Fourier frequency at 1 Hz compared with that when the MZI which is used for laser stabilization has not stabilized yet. It illustrates that the environmental influence on the MZI is severe at low Fourier frequency and has been reduced efficiently. However, compared with the in-loop error signal, the frequency noise is still about 10 dB higher for Fourier frequency from 2 Hz to 200 Hz. This is due to the residual interference between the frequency noise of the In order to test the long-term fractional stability improvement of the laser, we also demonstate an optical frequency transfer experiment. Usually, the phase noise added by the fiber due to environmental noise dominates the total noise when the laser source is locked to an ul-trastable cavity. However, when the laser is not stabilized, the phase noise of the laser might be so large that it should be taken into account [24] . The contribution from the frequency noise of the laser S Laser (f ) to the round-trip phase noise is 4sin 2 (2πf τ )S Laser (f ) which approximately equals (4πf τ ) 2 S Laser (f ). Where τ is the transit time for light to propagate over the fiber. The phase noise contribution from the fiber
where α is for uniform spatial distribution of noise. The fiber noise is mainly due to the environmental variation such as thermal drift and vibration. Usually, we have
However, the phase noise compensation scheme for the fiber noise will not work efficiently when the noise level of the laser is high enough because the noise from the laser and the fiber mixes together and can not be distinguished. It means that we can also evaluate the noise level of the laser by testing the frequency transfer performance. Hence we set up an opticial frequency transfer experiment to further examine the noise effect of the laser and the effect of the laser stabilization scheme. The frequency transfer schematic is illustrated in Fig. 3 [25] .
The optical-frequency ν 0 is sent along a 10 km fiber link to the remote site. Frequency fluctuation ∆f is induced due to vibration and thermal drift. At the remote site, the optical signal passes through an AOM which imparts a frequency shift f A + f C , where f A is the center frequency of the AOM and f C is used to compensate the environmental influence ∆f .
Therefore, the optical signal after the AOM can be expressed as
Part of the signal is detected by a photodetector. Meanwhile, the rest of the signal is reflected by a Faraday mirror (FM), passes through the AOM and propagates over the fiber link for a second time. At the local site, the signal can be expressed as
This signal is reflected by another FM and propagates over the link and passes through the AOM for a third time. It can be expressed as
Hence the optical power photodetected contains the beat signal of ν 1 and ν 3 , and it can be expressed as
The signal f beat is bandpass-filtered and then downconverted by a rf mixer driven by a low-noise reference oscillator (R&S SMB100A) at 2f A . The output signal 2∆f + 2f C is kept zero to stabilize the optical fiber link. f beat is also measured by a frequency counter (Agilent 53230A) to evaluate the transfer performance. f beat is 100 MHz in this frequency transfer system. Mode "CONT" of the frequency counter is used to record the frequency data of the 100 MHz beat frequency signal with a measurement bandwidth of 1 Hz. The fractional frequency stability of the stabilized optical fiber link is shown in Fig. 4 . After the phase noise of the laser is reduced with the stabilization of the MZI, the allan deviation is 1.12 × 10 −16 at 1s and reaches 3 × 10 −21 at 30000s. This performance meets the requirement of transferring the most precise optical clock nowadays. When the phase noise of the laser is reduced without compensating the environment-induced phase noise in the MZI, the allan deviation is 5 × 10 −15 at 1s. It indicates that the short-term fractional stability is more than one order magnitude better due to the stabilization of MZI. When the laser is in its free running state, the allan deviation is 6.5×10 −15 at 1s. It means that the environment-induced phase noise in the MZI predominates at low Fourier frequency.
In conclusion, we have demonstrated a noise reduction method of CW laser by locking it to an actively stabilized MZI with 10 km arm imbalance. By actively stabilizing the MZI, the frequency noise of the laser is reduced significantly, especially at low Fourier frequency. The frequency noise is about 45 dB lower compared the result when the laser is stabilized without stabilizating the MZI at low Fourier frequency. This improvement is due to the efficient active reduction against the environment-induced phase noise to the MZI.
The influences used to be isolated by air-sealed or vacuum chambers with foam or other passive protection method. However, these methods make the laser stabilization scheme bulky. Compared with these methods, our scheme is both portable and less immune to the environmental influence. It provides a more compact, robust, and flexible alternative to the ultra-stable cavity locking method with an all-fiber system.
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